We study a multimode optomechanical system where two mechanical oscillators are coupled to an electromagnetic cavity. Previously it has been shown that if the mechanical resonances have nearly equal frequencies, one can make the oscillators to interact via the cavity by strong pumping with a coherent pump tone. One can view the interaction also as emergence of an electromagnetically dark mode which gets asymptotically decoupled from the cavity and has a linewidth much smaller than that of the bare cavity. The narrow linewidth and long lifetime of the dark mode could be advantageous for example in information storage and processing. Here we investigate the possibility to create dark modes dynamically using two pump tones. We show that if the mechanical frequencies are intrinsically different, one can bring the mechanical oscillators and the cavity on-resonance and thus create a dark mode by double sideband pumping of the cavity. We realize the scheme in a microwave optomechanical device employing two drum oscillators with unmatched frequencies, ω1/2π = 8.1 MHz and ω2/2π = 14.2 MHz. We also observe a breakdown of the rotating-wave approximation, most pronounced in another device where the mechanical frequencies are close to each other.
INTRODUCTION
Cavity optomechanical systems couple light or microwave field and mechanical vibrations in a confined volume. Optomechanical systems have been actively utilized to study quantum effects in macroscopic systems. Freezing of the thermal motion of the mechanical oscillator close to the quantum ground state has been observed [1] [2] [3] [4] , as well as entanglement between the cavity and a mechanical oscillator [5] . More recently, microwave optomechanical systems were taken advantage of in squeezing the quantum noise of mechanical motion [6] [7] [8] . A natural extension to studies involving one cavity and one oscillator, is to link more cavities or more mechanical oscillators to participate in interesting dynamics. Various theoretical studies have focused on the creation of complicated collective states [9] [10] [11] [12] [13] [14] [15] [16] [17] . In experimental work, cavity-mediated coupling of mechanical oscillators has been observed several times in the optical domain [18] [19] [20] [21] [22] , or with microwaves [23] . Several studies have focused on several cavity modes coupled to a single mechanical oscillator [24] [25] [26] [27] [28] . This scheme can reveal a mechanically "dark" mode, where the energy predominantly resides in the cavities.
In a system where two mechanical oscillators are coupled to a single cavity, with strong enough coupling, the eigenmodes consist of two modes which are cavity-like, and one mechanical-like mode which is optically dark [23] . Below we refer the latter as the dark mode. Because in the dark mode the energy is in the long-lived mechanical oscillators, it has much smaller linewidth and larger lifetime as compared to the electromagnetic mode. These properties are attractive for creating narrowband filters for signal processing, or possibly for transferring quantum information to the dark mode. Experimental evidence of the formation of a dark mode has been obtained in a microwave optomechanical experiment [23] . The problem for carrying out interesting experiments with dark modes is that in order to reach the case where the energy is mostly in the mechanical oscillations, one needs to have two oscillators with nearly equal eigenfrequencies, in practice differing less than a few % from each other. Given a typical spread in manufacturing by nanofabrication, it is challenging to obtain such tolerances. In this work we address this issue by demonstrating an approach for the creation of dark modes by dynamically bringing two mechanical oscillators on-resonance by pumping with two microwave pump tones. There is no need to have the intrinsic mechanical frequencies close to each other. Exactly the opposite holds true; the further the frequencies are from each other, the higher fidelity the dark mode has.
THEORETICAL DISCUSSION
The system we study consists of two mechanical oscillators j = 1, 2 that have no direct coupling. They are both coupled to an electromagnetic cavity via the standard radiation-pressure interaction. The cavity can in principle be either in the optical or microwave frequency range, but in the practical part of this work we use the latter (see Fig. 1a ). The system is described using the cavity optomechanical Hamiltonian
Here, ω c is the frequency of the cavity, ω j are the frequencies of the mechanical oscillators, a † , a are the cavity operators, and b † j , b j are the operators for the oscillators. The mechanical zero-point amplitudes are denoted by x 0j , and g 0j = ∂ωc ∂xj are the single-photon coupling energies. H p is the pump Hamiltonian which in the most general case considered in this work consists of two different pump tones:
where d j relate to the power of each pump tone. The frequency ω p1 can be thought as being associated to pumping oscillator 1, and similarly for ω p2 and oscillator 2.
As displayed in the frequency scheme in Fig. 1b , the two pump tones can be detuned from the respective sideband resonance conditions ω c − ω j (j = 1, 2) by the amounts δ j , such that ω pj = ω c − ω j + δ j . Let us first review the basic case where only a single pump tone is applied, so for for the moment we take d 2 = 0 in Eq. (2) . This scheme has been discussed several times in the literature [18, 23] . The intense pump tone induces a field amplitude α and the photon number n p = |α| 2 ≫ 1. After linearization of Eq. (2) in a frame rotating with the pump tone, one obtains the single-pump Hamiltonian
In Eq. (3), detuning of the pump tone from the cavity frequency is defined as ∆ = ω p1 − ω c , and the effective coupling is G j = g 0j √ n p . The effective frequency −∆ of the cavity is tunable by the pump tone frequency. The eigenfrequencies of the system, and the corresponding damping rates can be obtained from the equations of motion corresponding to Eq. (3). An interesting case is that with equal mechanical oscillator frequencies, ω 1 = ω 2 . Then Eq. (3) describes three oscillators which become co-resonant when the pump tone is applied at the red-sideband frequency ∆ = −ω 1 = −ω 2 . In this case, one can show that the relative motion of the mechanical oscillators weighed by the couplings, namely
is an eigenmode that is uncoupled from the cavity. It is the dark mode which has the frequency ω d = (ω 1 + ω 2 ) /2 and damping rate γ d = (γ 1 + γ 2 ) /2. If the mechanical frequencies are not equal, the mode structure is more complicated, and the dark mode shows up properly only in the strong-coupling limit G j ≫ κ. A representative plot of the damping rates of the eigenmodes, involving some detuning of the oscillators, is shown in Fig. 1c .
In order to create a true tripartite resonance, in practice one needs to be able to tune the mechanical frequencies in situ. This is possible by voltage gating, but adds complexity to the design. In the following we focus on the two-pump driving conditions which allow, as we will show, dynamic tuning of the effective mechanical frequencies in the model. In Eq. (2) we now include both pump tones, d 1 , d 2 = 0. The field inside the cavity is the sum of the pump-induced, large fields α j , plus small fluctuations: a = α 1 e iωp1t + α 2 e iωp2t + δa. We shift Eq. (1) to a rotating frame with respect to ω p1 δa † δa + ∆ p b † 2 b 2 , where ∆ p = ω p1 −ω p2 is the difference between the pump tone frequencies. We carry out the transformation, linearization and rotating-wave approximation (RWA). For the sake of simple notation, we also denote in the following δa ⇒ a. We get the Hamiltonian
Apart from neglected Stokes processes ∝ ab j + h.c., Eq. (4) is of the same form as Eq. (3). The frequency of oscillator 2 is now tunable by the frequency of pump tone 2. We can individually put any number of the subsystems on resonance by changing the frequencies of the two pump tones. In particular, one can create a dark mode by playing with the pump parameters. The crucial assumption in obtaining the timeindependent Eq. (4) is the RWA. We have neglected sidebands at the frequency ω p2 − ω p1 ≃ ω 2 − ω 1 . Because the neglected sidebands have equally strong prefactors as the retained coupling terms in Eq. (4), this assumption is justified if the neglected sidebands are strongly suppressed by the cavity response, requiring that ω 2 −ω 1 ≫ κ. Thus, if the mechanical resonators have eigenfrequencies close to each other, the time-independence of the obtained Hamiltonian Eq. (4) is not fulfilled. Physically, the most important assumption is that each pump tone couples only to the respective oscillator. Ignoring the Stokes processes means that Eq. (4) holds only when both the pump tones are on the red-detuned side.
Obtaining a transmission or reflection spectrum from Eq. (4) is a nontrivial but standard exercise in the inputoutput formalism. Here we refer to the supplementary of Ref. [29] . We note that the measured transmission coefficient does not necessarily directly indicate where a given eigenmode is. However, we argue that in the absence of sharp features other than the dark mode in the spectrum that might contribute interference, the microwave response provides a good reconstruction of the dark mode.
EXPERIMENTAL RESULTS
In the experiments we use devices where the mechanical oscillators are two 120 nm thick aluminum drum membranes (shown in Fig.1a) , which are capacitive coupled to an on-chip superconducting microwave resonator Table I . Characteristics of devices measured in this work. Shown are the cavity frequencies ωc, mechanical oscillator frequencies ωj, cavity decay rates κ, mechanical decay rates γj, and the ratio of single photon coupling rates g1/g2.
Device ωc/2π ω1/2π ω2/2π κ/2π κI /2π κEi/2π κEo/2π γ1 γ2 g1/g2 (GHz) (MHz) (MHz) (kHz) (kHz) (kHz) (kHz) (Hz) (Hz) that acts as a cavity. We discuss two different samples, numbered 1 and 2, which differ in the frequency spacing of the oscillators, leading to qualitatively different physics. Experiments were conducted in a dilution cryostat at a temperature 25 mK. As depicted in Fig. 1a , the room temperature measurement setup consisted of two signal generators and a vector network analyzer, which is used to record the microwave transmission parameter S 21 . The two signal generators acted as the sources for the two independent pump tones.
The relevant device parameters are listed in Table 1 . The losses of the cavity are classified in three different origins. The internal losses are labeled with the symbol κ I , and the cavity is coupled to transmission lines through input and output ports with decay rates κ Ei and κ Eo , respectively. The losses sum up to the total cavity decay rate κ = κ I + κ Ei + κ Eo .
We first discuss device 1. As we will show, this device exhibits distinct dark modes in its spectrum and is well described by Eq. (4). The basic transmission measurement involving only the probe tone reveals the cavity resonance peak (Fig. 2a) , and narrow dips corresponding to the mechanical oscillators when a single weak pump tone is applied (Fig. 2b,c) . In the latter measurement, we adjust the pump power such that the resonance dips are roughly equally tall. This requires about 10 dB more generator power applied to oscillator 2. Considering also the effect of a larger detuning from cavity for oscillator 2, we obtain the ratio of bare couplings g 1 /g 2 ≃ 2.2. In what follows, we use this information to balance roughly equal effective couplings which is the most reasonable choice for constructing the physics.
We next apply both pump tones such that both d 1 and d 2 in Eq. (2) are non-zero. We first apply the pump tones nominally at the sideband resonance of either oscillator, namely δ 1 = δ 2 = 0, thus creating the tripartite on-resonance system. In Fig. 3 , we display data which, first of all, shows splitting of the cavity peak suggesting onset of the strong-coupling regime. In the center dip, one can identify a sharp peak which we associate to the dark mode. The agreement to the theoretical expectation based on Eq. (4) in the overall profile is good except at the highest power in Fig. 3c , where the response becomes asymmetric because of the cavity frequency develops power-dependence, hence detuning both pump tones from the sideband resonance. The widths of the center peaks corresponding to the dark mode are extracted as 1.2 kHz, 1.8 kHz and 4.9 kHz, in Fig. 3a-c , respectively. These values are clearly higher than the anticipated γ/2π 100 Hz independent on the pump power. We attribute the difference to a breakdown of the RWA towards high pump powers. Moreover, in the ideal model, the dark mode is truly dark and hence does not leave a trace whatsoever in a measurement though the cavity. We will return to the latter point below.
We now show how to adjust the system on or off resonance by the frequency of pump tone 2. As seen in Figure 3 . Device 1: Both mechanical oscillators pumped at sideband-resonance δ1 = δ2 = 0. The pump power is increased from (a) to (c), while keeping the ratio G1/G2 constant. Theory curves (black) are fitted to the measured spectrum.
Eq. (4), the effective mode frequency ω 2 − ∆ p of the mechanical oscillator 2 can be controlled by either of the pump tones. In the situation corresponding to Fig. 4a , we keep pump powers constant. The frequency of pump tone 2 is fixed at the sideband-resonance detuning δ 2 = 0, whereas pump tone 1 is swept in frequency around the sideband-resonance condition δ 1 ∼ 0. At the largest detunings shown, the two oscillators show up as two roughly independent dips in the spectrum. When the detuning is swept through the co-resonance point (middle curves), the sharp peak reflecting the dark mode clearly appears. Another operation which is possible by tuning the pump tone frequencies is to change both frequencies such that their difference ∆ p stays constant. Based on Eq. (4), this amounts to keeping both oscillators resonant with each other, while sweeping the cavity through them. The measured spectrum is shown in Fig. 4b . As predicted, the dark mode position shifts with the pump tone detuning.
We can extract the dark mode peak linewidths from Fig. 4a , and compare to the theoretical predictions following from the equations of motion. This is illustrated in Fig. 5 . Apart from not reaching the lowest values of linewidth as predicted by the ideal model, the minimum of the data is shifted from the theoretical pattern. We argue these features are a result of breakdown of the rotating-wave approximation. When approaching the proper dark mode conditions where the energy is not supposed to be in the cavity, the neglected sidebands can become important because their energy is contained in the cavity. The mentioned shift of the co-resonance condition is also within the data shown in Fig. 3 . Here, the nominal co-resonance was selected in experiment. The kHz, and oscillator 2 at G2/2π ≃ 7.7 · 10 4 kHz. The pump tone frequency ωp2 was kept at sideband resonance, δ2 = 0. The frequency of pump tone 1 was stepped corresponding to δ1 = −100 kHz ... 100 kHz, from bottom to top. (b) Both pump tone frequencies stepped with the same spacing, δ1 = δ2 ≃ -400 kHz ... 400 kHz, from bottom to top. The pump amplitudes are G1/2π ≃ 170 kHz, and G2/2π ≃ 130 kHz. Theory prediction (black) is fitted to the spectra.
corresponding theory curves are taken with parameters shifted by the mentioned minimum shift to allow for a reasonable comparison.
We also investigated another device in which the two mechanical oscillators have resonance frequencies closer to each other, namely ω 1 /2π = 12.93 MHz and ω 2 /2π = 14.48 MHz. The basic characterization is shown in Fig. 6 . The detuning of the oscillators is too large as compared to the achievable effective coupling, so that using a single pump tone, a dark mode having an appreciable mechanical component cannot be created. The response , with G = 285 kHz. Theory curves (black) are fitted to the response.
shows a broad peak in the center (Fig. 6b) , which would evolve towards the dark mode at higher pump power. In the double-pump measurement displayed in Fig. 7 , both pump tones are applied at the sideband resonance (similar to Fig. 3 for device 1 ). There is a qualitative resemblance to Fig. 3 , however, the center peak is broader. In this device, the dark mode peak is less well described by the theory, because the time-independence condition of the Hamiltonian in Eq. (4) ω 2 − ω 1 ≫ κ is not properly satisfied. 
SUMMARY
We have shown how a multimode cavity optomechanical system that is pumped with several coherent pump tones exhibits intriguing collective dynamics. If there are several mechanical oscillation modes coupled to the cavity, two of them can be simultaneously brought onresonance with the cavity by tailoring the pump tone parameters. The tripartite co-resonance conditions entails a strong interaction between the oscillators which have no direct coupling and which can be physically far separated. All this is possible in principle with an arbitrarily small pump power. The dynamic control is more efficient than what demonstrated previously using a single pump tone. However, care has to be taken to ensure the rotating-wave approximation holds well enough. This requires the intrinsic frequencies to be substantially different as compared to the cavity linewidth. On the other hand, the possibility to bring very unequal oscillators effectively on-resonance could be the most appealing consequence, because oscillators with unmatched frequencies are difficult to connect otherwise. We anticipate the scheme can be extended to dynamical tuning of frequencies in more complex systems which contain more than two oscillators.
